Influence of Ga-concentration on the electrical and magnetic properties of magnetoelectric CoGaxFe2− xO4/BaTiO3 composite by Ni, Yan et al.
Electrical and Computer Engineering Publications Electrical and Computer Engineering
2015
Influence of Ga-concentration on the electrical and
magnetic properties of magnetoelectric
CoGaxFe2− xO4/BaTiO3 composite
Yan Ni
Iowa State University, yni@iastate.edu
Zhen Zhang
Iowa State University, zhenz@iastate.edu
Cajetan I. Nlebedim
Iowa State University, nlebedim@iastate.edu
David C. Jiles
Iowa State University, dcjiles@iastate.edu
Follow this and additional works at: http://lib.dr.iastate.edu/ece_pubs
Part of the Electromagnetics and Photonics Commons, and the Engineering Physics Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
ece_pubs/51. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Electrical and Computer Engineering at Digital Repository @ Iowa State University. It has
been accepted for inclusion in Electrical and Computer Engineering Publications by an authorized administrator of Digital Repository @ Iowa State
University. For more information, please contact digirep@iastate.edu.
Influence of Ga-concentration on the electrical and magnetic properties of
magnetoelectric CoGaxFe2−xO4/BaTiO3 composite
Yan Ni, Zhen Zhang, Cajetan I. Nlebedim, and David C. Jiles 
 
Citation: Journal of Applied Physics 117, 17B906 (2015); doi: 10.1063/1.4916114 
View online: http://dx.doi.org/10.1063/1.4916114 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/117/17?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Multiferroic Ni0.6Zn0.4Fe2O4-BaTiO3 nanostructures: Magnetoelectric coupling, dielectric, and fluorescence 
J. Appl. Phys. 116, 124103 (2014); 10.1063/1.4896118 
 
Annealing control of magnetic anisotropy and phase separation in CoFe2O4-BaTiO3 nanocomposite films 
J. Appl. Phys. 114, 233910 (2013); 10.1063/1.4849915 
 
Local probing of magnetoelectric coupling and magnetoelastic control of switching in BiFeO3-CoFe2O4 thin-film
nanocomposite 
Appl. Phys. Lett. 103, 042906 (2013); 10.1063/1.4816793 
 
Magnetoelectric response in lead-free multiferroic NiFe2O4–Na0.5Bi0.5TiO3 composites 
J. Appl. Phys. 109, 07D904 (2011); 10.1063/1.3540623 
 
Local probing of magnetoelectric coupling in multiferroic composites of BaFe 12 O 19 – BaTiO 3 
J. Appl. Phys. 108, 042012 (2010); 10.1063/1.3474967 
 
 
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
129.186.1.55 On: Fri, 17 Jul 2015 05:55:57
Influence of Ga-concentration on the electrical and magnetic properties
of magnetoelectric CoGaxFe22xO4/BaTiO3 composite
Yan Ni,1,a) Zhen Zhang,1 Cajetan I. Nlebedim,2,1 and David C. Jiles1
1Department of Electrical and Computer Engineering, Iowa State University, Ames, Iowa 50011, USA
2Ames Laboratory, U.S. Department of Energy, Ames, Iowa 50011, USA
(Presented 7 November 2014; received 23 September 2014; accepted 15 November 2014; published
online 20 March 2015)
Multiferroic materials exhibit magnetoelectric (ME) coupling and promise new device applications
including magnetic sensors, generators, and filters. An effective method for developing ME materials
with enhanced ME effect is achieved by the coupling through the interfacial strain between
piezoelectric and magnetostrictive materials. In this study, the electrical and magnetic properties of
Ga doped magnetoelectric CoGaxFe2xO4/BaTiO3 composite are studied systematically. It is found
that Ga doping improves the sensitivity of magnetoelastic response and stabilizes the magnetic phase
of the composites. More importantly, Ga doping reduces the electrical conductivity of composite, as
well as the dielectric loss. An enhancement of the electrostrain with doping Ga is also observed.
Quantitative estimation indicates that magnetoelectric coupling is enhanced for Ga-doped
CoGaxFe2xO4/BaTiO3 composites. Thus, the present work is beneficial to the practical application
of composite CoFe2O4/BaTiO3-based multiferroic materials.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4916114]
I. INTRODUCTION
Multifunctional devices based on magnetoelectric (ME)
phenomenon require the coexistence of ferroelectricity and
ferromagnetism, in addition to a strong coupling between the
two ferroic orders.1 The ferroelectric/ferromagnetic compo-
sites enable the development of ME materials with enhanced
ME effect. This can be achieved by indirect coupling
through the interfacial strain between the ferroelectric and
ferromagnetic materials.1–5 Such strain mediated ME effect
can be used to generate electric polarization in the ferroelec-
tric component of the composite due to applied magnetic
field or magnetization in the ferromagnetic component due
to applied electric field. The property tensor dE/dH can be
given by the product of the proportionality tensor of the
phases6
aij ¼ dkij
dHj
 dEi
dkij
;
where aij is defined as linear magnetoelectric coefficient,
dk/dH is the magnetostriction derivative, and dE/dk is the
change in the electric field with strain. Because the ME
effect in composites is extrinsic, it depends on the micro-
structure of the composite and the strain mediated coupling
across the interface of the ferromagnetic-ferroelectric com-
ponents. Studies have been done involving combinations of
different magnetostrictive and piezoelectric materials such
as variety of ferrites and titanites.7–13 The inevitable draw-
back in this application is the leakage current due to the low
resistivity of the ferromagnetic phase.9 Therefore, it is
required to develop alternative magnetoelectric materials
with low leakage current. In this study, the results of an
investigation on composites of Ga-substituted cobalt ferrite
(CoGaxFe2xO4) and BaTiO3 (BT) are presented which also
shows potentials for lower leakage current.
II. EXPERIMENT
CoGaxFe2xO4 (x¼ 0, 0.1, 0.2, 0.3) was prepared by the
conventional two-phase solid-state reaction using the constit-
uent oxide powders. 50wt.% of CoGaxFe2xO4 was mixed
with 50wt.% of an analytical reagent grade BaTiO3 powder.
To ensure homogenous mixture, the chemicals were milled
for 6 h, calcined twice in the air at 1273K for 4 h, and sin-
tered at 1473K for 6 h. The sintered pellets were of 15mm
diameter.
To study the crystal structure and purity of the compos-
ite samples, room temperature X-ray diffraction (XRD) was
performed using Cu Ka radiation. The microstructure and
composition of the samples were studied by scanning elec-
tron microscopy (SEM) and energy dispersive X-ray spec-
troscopy (EDS), respectively. Fractured sample surfaces
were used for the SEM analysis. Magnetic properties were
studied in a vibrating sample magnetometer (VSM) with
maximum applied magnetic field of 4 kOe. Magnetostriction
was measured, in an electromagnet, with magnetic field
applied in the direction of strain measurement using strain
gauges attached to the samples. Ferroelectric workstation
was used to measure the polarization as a function of the
electric field and electric field induced strain.
III. RESULTS AND DISCUSSION
The microstructure and crystal structures are similar in
CoGaxFe2xO4/BaTiO3 (x¼ 0, 0.1, 0.2, 0.3). The electron
images and XRD patterns in Fig. 1 are for the composition at
a)Author to whom correspondence should be addressed. Electronic mail:
yni@iastate.edu.
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x¼ 0.3. The backscattered electron micrographs [Fig. 1(a)]
indicate that the samples have high density. The light and
dark contrasts represent the BT and CoGaxFe2xO4
(Ga0.3CFO) phases, respectively. The secondary electron
modal micrograph of the sample [Fig. 1(b)] shows that the
BT and Ga0.3CFO phases are distributed evenly with the
Ga0.3CFO forming some angular morphology clusters. BT
appears as smaller particles with irregular shapes. The corre-
sponding EDS elemental maps are shown in Figs. 1(c) and
1(d). The light area in Fig. 1(c) and the dark area in Fig. 1(d)
represent Ba and Ga, respectively. These maps indicate Ga is
doped into the CFO phases rather than BT phase in the com-
posite. The XRD pattern in Fig. 1(e) indexed with BaTiO3
and CoGaxFe2xO4 using PDF cards shows that the compos-
ite consists of tetragonal BaTiO3 phase (indexed in red fonts)
and spinel CoGaxFe2xO4 phase (indexed in blue fonts).
The magnetic hysteresis loops of the CoGaxFe2xO4/
BaTiO3 composite (x¼ 0, 0.1, 0.2, 0.3), showing shapes typical
of soft magnetic material are presented in Fig. 2(a). The satura-
tion magnetization, remanence, and coercivity are shown in
Figs. 2(b), 2(c), and 2(d), respectively. Magnetization at maxi-
mum applied field of 4 kOe increases with Ga concentration in
CoGaxFe2xO4 up to x¼ 0.2 and decreases slightly at x¼ 0.3.
Similar observation was previously reported that Ga3þ has A-
site preference.14,15 Such may also results in cobalt ions being
displaced into the B-sites. Since the net magnetic moment in
spinel ferrites is obtained by m ¼PmBsites 
P
mAsites, sub-
stituting for Fe3þ on the A-sites and displacing more Co2þ into
the B-sites would increase magnetic moment.
P
mBsites andP
mAsites represent the net magnetic moment of the B-sites
and A-sites cations, respectively. The slight decrease at x¼ 0.3
may indicate the onset of some Ga ions being substituted into
the B-sites as its concentration increases.
The remnant magnetization Mr [Fig. 2(c)] and coercive
field (Hc) in Fig. 2(d) initially increase from x¼ 0 to x¼ 0.1
but afterwards decreases. This may be a consequence of
changes in magnetocrystalline anisotropy due to Ga3þ in the
spinel phase and grain size.16,17 It is known that the magnet-
ization process includes both domain wall motion and do-
main rotation. The small grains tend to result in low density
of domain walls. Therefore, the domain rotation becomes
dominant factor during magnetization rather than the domain
wall motion. Since the domain rotation consumes more
energy than the domain wall motion, the coercive field (Hc)
increases. The trend observed here has been reported for
both coercive field and magnetocrystalline anisotropy in Zn-
substituted CoFe2O4.
18
In Fig. 3(a), similar trend in magnetostriction as a func-
tion of applied magnetic field is obtained for all composites.
Generally, magnetostriction decreases in the Ga-containing
composites, indicating the effect of Ga-substitution on the
magnetostrictive properties of spinel cobalt ferrite phase.
This decrease is related to the weakening of the exchange
coupling with substitution of non-magnetic Ga3þ which
FIG. 1. (a)–(d) SEM image and (e) XRD pattern of CoGaxFe2xO4/BaTiO3
(x¼ 0.3).
FIG. 2. Magnetic properties of CoGaxFe2xO4/BaTiO3 (x¼ 0, 0.1, 0.2, 0.3)
at room temperature: (a) magnetization curve, (b) saturation magnetization
(Ms), (c) remnant magnetization (Mr), and (d) magnetic coercive field (Hc).
17B906-2 Ni et al. J. Appl. Phys. 117, 17B906 (2015)
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
129.186.1.55 On: Fri, 17 Jul 2015 05:55:57
would affect magnetostriction. A similar observation was
reported in magnetostrictive properties of Ga-substituted
cobalt ferrite at 300K.14 The observation that the magneto-
striction plots do not saturate as would be obtained in only
CoGaxFe2xO4 phase indicates the coupling of the strains on
the BT and CoGaxFe2xO4 phases.
The strain derivative (dk/dH) in Fig. 3(b) is an important
parameter which demonstrates the sensitivity of magnetoe-
lastic response to an external field. The maximum strain de-
rivative (dk/dH)max in Fig. 3(c) shows an increase with Ga
concentration in CoGaxFe2xO4/BaTiO3 composite. The
highest (dk/dH)max value is found at x¼ 0.3 in this study,
which is higher than the previous reported pure CoFe2O4
15
as well as some other ME composites.19 This high strain de-
rivative indicates possible improvement of the ME effect in
CFO/BT composite.
The ferroelectric properties of the composites are shown
in Fig. 4. The polarization vs. electric field (P-E) loops
obtained at room temperature are shown in Fig. 4(a). It can
be seen that there is no saturation polarization as typically
seen in P-E loops of pure BaTiO3. This indicates that electri-
cal conductivity increases with increasing the electric field,
i.e., the existence of leakage current. However, the electric
hysteresis loops become slanted and less coercive with
increasing Ga concentration in the composites, suggesting
the decrease of leakage current with Ga doping. Both the
remnant polarization (Pr) and coercive field (Ec) get smaller
as Ga concentration increases in the (CoGaxFe2xO4)/
BaTiO3 composite, as shown in Fig. 4(b). This indicates a
deviation from a typical ferroelectric behavior of BT when
coupled to the CFO phase. This deviation in the long range
order behavior of electric dipoles is due to the ferrite par-
ticles with a spinel structure being incorporated into BaTiO3
perovskite structure.
FIG. 3. (a) Magnetostriction (k) vs. magnetic field (H) curves for
CoGaxFe2xO4/BaTiO3 (x¼ 0, 0.1, 0.2, 0.3). (b) The rate of change of mag-
netostriction with applied magnetic field (dk/dH) as a function of magnetic
field (H). (c) The maximum sensitivity of magnetostriction with respect to
different Ga concentrations.
FIG. 4. (a) Ferroelectric properties of
CoGaxFe2xO4/BaTiO3 composites
(x¼ 0, 0.1, 0.2, 0.3). (b) Remnant
polarization and electric coercive field
with different Ga concentration in the
ferromagnetic phase. (c) Loss tangent
as a function of temperature at 10 kHz
frequency. (d) The unipolar electric-
field-induced strain S(E) curves.
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The improvement of the leakage current could also be
observed from the plot of the loss tangent (tan d) as a function
of temperature shown in Fig. 4(c). The loss tangent of the com-
posites was measured at 10 kHz. It can be seen that the tand
value is lower in Ga0.3CFO/BT than CFO/BT at all tempera-
tures and is about one-half less at 160 C. It is likely that the
increase in Ga concentration in the composites reduces defects
such as oxygen vacancies in the BaTiO3 ferroelectric phase,
which is responsible for the decrease in electrical conductivity
as Ga content increases. The unipolar electric-field-induced
strain S(E) curves of the composite are shown in Fig. 4(d). It
can be found that the electrostrain of (CoGaxFe2xO4)/BaTiO3
with x¼ 0.3 is higher than that of x¼ 0.2. Moreover, the nor-
malized strain d33 can be calculated from the S(E) curve by
Smax/Emax ratio in the unipolar strain curve. The highest d

33 is
about 514 pm V1 in present study when x¼ 0.3. As a result,
the electrostrain of the composites also improves with Ga
doping.
Considering the product of the proportionality tensor of
the phases described in Introduction, Van den Boomgaard
established a model which can be used to estimate the ME
voltage coefficient, assuming comparable Young’s moduli
for both CoFe2O4 and BaTiO3. The dielectric constant of
BaTiO3 is much larger than CoFe2O4.
20 The ME voltage
coefficient of the composite given by this model is
ðdE=dHÞcomp ¼ mvðdk=dHÞCFO  ð1 mvÞðdE=dkÞBT . We
used the sample with x¼ 0.3 (Ga0.3CFO/BT), in which
we had the maximum optimization, to estimate the coeffi-
cient. From the magnetostrictive derivative (Fig. 3) and
electric field-induced strain curve (Fig. 4), we can
get ðdk=dHÞGa0:3CFO ¼ 2:6 109 m=A and ðdE=dkÞBT
¼ 1:95 V=pm. Using 0.5 volume fraction of BT and consid-
ering the uniform distribution of the phases as previously
shown in Fig. 1, we can obtain the ME voltage coefficient of
a¼ 1.26 (m/A)(V/m), which is larger than previous reported
value for CFO/BT a¼ 1.19 (m/A)(V/m).6 Therefore, this
work demonstrates that by doping Ga in (CoGaxFe2xO4)/
BaTiO3, both magnetostriction sensitivity and electrostrain
increase, indicating enhanced magnetoelectric performance
for practical applications.
IV. CONCLUSION
In this work, systematically studies on the ferroelectric and
ferromagnetic properties of (CoGaxFe2xO4)/BaTiO3 (x¼ 0.1,
0.2, 0.3) magnetoelectric bulk composites are presented. The
results indicate a coupling effect of the ferroelectric and
ferromagnetic phases. Although the magnetostriction decreases
in amplitude with Ga concentration, the maximum strain
derivative increases. The maximum strain derivative is obtained
for Ga0.3CFO/BT. Moreover, the magnetostriction plots show
clear indication of interaction between both phases. Also, Ga-
substitution into the composite both suppresses electrical con-
ductivity and improves the normalized strain d33. Through
model estimation, the Ga0.3CFO/BT composite shows larger
ME voltage coefficient than CFO/BT implying magnetoelectric
coupling is enhanced after doping Ga. These results offer new
insight into the ability of improving the response of magneto-
strictive and controlling electrical conductivity in the CFO/BT
multiferroic composite.
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